Using ab initio calculations in the framework of density functional theory (DFT) we have investigated the structural stability and mechanical properties of Uranothorite (U1-xThxSiO4) (x= 1.0, 0.75, 0.5, 0.25, 0.0). These actinide orthosillicate phases have a kaleidoscopic range of applications, starting from eminently functional materials in nuclear industries, such as fission reactor development, storage and disposal of spent nuclear fuels, and vitrified nuclear wastes, to geochronological dating materials. The questions we pose here pertains three crucial issues-1) how does incorporation of Th in place of U modify the crystal structure and mechanical behavior; 2) how can such elemental substitution affect the structural transition from zircon (Z)-type (I41/amd) to reidite (R)-type (I41/a) phase; and 3) what is the influence of the coordination geometry of the actinide polyhedra on the transition pressure?
I. Introduction
Coffinite (USiO4), its Thorium containing counterpart Uranothorite (U1-xThxSiO4) and Thorite (ThSiO4) are conspicuous members of the nesosilicate subclass of actinide silicates. They are isostructural with Zircon and Hafnon. Coffinite, accompanied by Uranothorite solid solutions are major phases frequently encountered as microcrystals in uranium ores 1 which are economically suitable for radiogenic uranium extraction, with the former appearing to be the second most abundant U(IV) mineral on earth. But they exhibit significant differences in physical and chemical environment of formation. Coffinite prefers to precipitate in low temperature hydrothermal/sedimentary condition, whereas the later prefers a high temperature hydrothermal magmatic condition 2 . Although Thorite and its high pressure-temperature monazite structured polymorph Huttonite occur naturally, they are a bit scarce relative to Coffinite. However both are found as accessory minerals in medium grained metamorphic rocks like schists 3 and sometimes in unusually coarse grained plutonic igneous rocks i.e. in pegmatite, crystallized from magma during the ultimate stage 4, 5 . These orthosilicates along with Zircon and Hafnon have a kaleidoscopic range of utilizations. Due to their highly effective corrosion resistivity, chemical stability and radiation resistance they are suitable for straight disposal of spent nuclear fuel (SNF) and vitrified nuclear waste 6, 7 in underground repositories, which is evidently an emerging and daunting scientific challenge of modern era. For the same reasons, they are ideal for applications in fission reactors. Although they suffer structural damages due to autoradiation, the reliability and accuracy achieved in recent experimental aspects, makes them legitimate candidate for radiogenic geochronology 2, 8, 9 . For possessing a high resistance to deformation and a wide range of stability over upper mantle conditions the zircon structure is considered to be a reliable host phase for minerals of deep mantle origin. U 238 and Th 232 are prolific sources of geoneutrinos. The results of KamLAND collaboration estimates that radioactive decay of U 238 and Th 232 contribute to 20TW
to earths heat flux 10 . As U and Th are the heaviest lithofile elements, their silicate phases are also executive in producing radiogenic heat in shallow interiors of the earth. Consequently, an account of distribution of their sources and their physical behavior is a route to explore the thermal evolution of the dynamic earth.
There is a significant amount experimental study focusing on the synthesis of radioactive orthosilicates and the thermochemical problems encountered (e.g. Crystallization temperature, pH of solutions used, solubility of U/Th in aqueous solutions, heating time, U/Si molar ratio calorimetric issues etc.) there in [11] [12] [13] [14] [15] [16] . Guo et al. have experimentally demonstrated that the energetic metastability of coffinite with respect to quartz and uraninite (UO2) mixture makes it impossible to synthesize the former from the later mixture. They concluded that the alternative way is to go for the precipitation in hydrothermal environment in low temperature. Therefore, provided that the formation of coffinite can proceed through precipitation from aqueous solution,
it can be an alteration product of UO2 subjected to hydrothermal, metamorphic, or even igneous conditions 13 . However, the previous studies mainly concern temperature as the significant thermodynamic variable. But in order to act as an underground storage of SNF the orthosilicates have to circumvent chemical decomposition in response to larger pressures too. Zircon is subjected to extreme conditions due to tectonic activities in lithospheric mantle; one such environment is where kimberlite eruption takes place, and additionally during shock metamorphism owing to hypervelocity meteoritic impact in our planet or other planetary bodies 17 . This mineral phase is a competent one to provide archive of different extreme pressure (p)-temperature (T) regimes that it had experienced and thus, considered to be a prospective phase for high p-T thermobarometry. 35 proposed that the degree of distortion of coordination polyhedron can be quantified by invoking two parameters, characteristic of the structures under study: quadratic elongation (λ) and angular variance( 2 ). In an alternative way, Makovicky et al. 36 proposed a measure of distortions based on the ratio of volumes of the circumscribed spheres and of the polyhedra calculated, respectively for the real and ideal polyhedra of the same number of coordinated atoms having the same circumscribed spheres. However, both the ideas and quantification are limited to an extent in terms of their applicability. Robinson's consideration provides with very good numerical estimates for two cases of regular, convex and uniform polyhedron (tetrahedra (CN = 4), octahedra (CN = 6)) and can be generalized to cube, dodecahedron (CN =8) and icosahedron (CN = 12) i.e. 
II. Computational Methodology
We have used Density functional theory to predict the variation of physical properties of Uranothorite solid solution as implemented in open-source Quantum ESPRESSO suite [37] [38] [39] . First principle calculations including spin-polarization were performed using projecter augmentedwave (PAW) method 40 . The exchange-correlation effects of the electrons were treated using GGA and the exchange correlation functional were chosen following Perdew et al. 41 . For U, Th, Si, O atoms the following orbitals were treated as valence states: U (6s 2 7s 2 6p 6 6d 1.5 5f 2.5 ), Th (6s 2 7s 2 6p 6 6d 1 5f 1 ), Si (3s   2   3p 2 ), O ( 2s 2 2p 2 ). The core cut-off radii for them are 2.1 a.u., 2.1 a.u., 1.9 a.u. and 1.1 a.u. respectively. The remaining core electrons along with the nuclei were treated by scalar relativistic PAW pseudopotentials incorporating a non-linear core correction, which were generated by Andrea dal Corso 42 using the 'Atomic' code following the Troullier-Martins pseudization scheme. The kinetic energy cut-off for each individual members of the solid solution was kept at 1700 eV. The BFGS (Broyden-Fletcher-Goldfarb-Shanno) 43, 44 algorithm was used for geometrical optimization to find the ground state electronic structure under strict convergence criteria. In both the cases the convergence threshold for energy and forces were set to 4x10 
III. Results

A. Crystal Structures in Ambient Conditions and EOS
The as extensive studies have already been done on the crystal structure of zircon and reidite 25, 26, 30, 46 .
In comparison with them the structures of coffinite, thorite and their high pressure phases are not numerous in literature. Interestingly, coffinite or thorite structure is characterized by a chain of alternating edge sharing SiO4 tetrahedra and (U/Th)-O8 triangular dodecahedra extending parallel to c crystallographic axis (Fig. 1) . While in reidite phases the actinide polyhedra and SiO4 tetrahedra are observed to be distributed in a zig-zag manner along c-axis when viewed perpendicular to bc plane (Fig. 1 ).
During transition from zircon to reidite type the mode of sharing between SiO4 and U/ThO8 polyhedra undergoes a significant modification. The reidite structure consists of two intercalated diamond lattice sites, one occupied with U and/or Th and the other with Si. They are coordinated with eight and four oxygen atoms, forming U/ThO8-dodecahedra and SiO4-tetrahedra, respectively. However, there are pronounced dissimilarities in terms of the connection between U/Th-dodecahedras and their nearest neighbor Si-tetrahedra. In zircon phase we can detect that both edges and corners are shared between the two types of cationic polyhedral to form a compact tetragonal cell. Whereas in their high pressure reidite type phases the edge sharing is observed between neighboring actinide polyhedra in contrast to corner sharing which is present between actinide polyhedral and SiO4 tetrahedra (Fig. 1) .
Our calculated values of lattice parameters, c/a ratios and volumes are presented in Table-I and compared with previous theoretical and experimental studies. In case of coffinite we found a = 7.0303 Å and c = 6.2872 Å which have a deviation of 0.65% and 0.5% from experimental 11 and theoretical study 33 Taken into account the inherent and ubiquitous overestimating trait of GGA formalism, our results are reasonably accurate and hence our predicated results for the reidite phases can further be used without caution. To the best of our knowledge there has been no previous theoretical or experimental attempt targeted towards the complete structural characterization of the reidite phases of U/ThSiO4. Fig. 2 shows the variation of unit cell volumes and c/a ratio normalized for members of each phases with respect to corresponding values of coffinite and its high-pressure polymorph, respectively. The incorporation of Th by substituting U enforces a linear increase in volume for both the phases, consistent with the Vegard's law. These increments of volumes are expected since the atomic radius of Th (0.24 nm) is a little larger than that of U (0.23 nm). But, the small difference between there atomic radii is chemically desirable aiding to the tolerance of the crystal structure itself for mixing ions of different sizes in a given site for the genesis of the silicate solid solution.
On another note, substitution between U and Th preserves the composite electrical neutrality of the crystalline aggregate and commensurate with the local charge balance through their coordination environment in their crystallographic site. However, the manner of facilitating the volume expansion is markedly distinct for different phases appearing as obvious from the variation of c/a ratio (Fig. 2) . The reidite phase undergoes a monotonic gain in c/a whereas the zircon phase exhibits a completely antipodal behavior. This result provide reinforcement to the finding of Dutta et. al. 26 who showed that the reidite demonstrates a greater compressibility along c-axis compared to a-axis and vice versa in zircon phases. Our analysis confirms that the increment along a(c) is more administrative in volume change in zircon (reidite) phase. An explanation from a different theoretical angle for this is provided in Section-III-C.
Since the EOS description and the comparison between zircon structured thorite and its high pressure reidite structured polymorph is scanty in literature, in Fig-3 we provided the total energy as a function of volume for both the phases. The third order Birch-Murnaghan 48 equation of state fit for both the phases are also shown. According to our literature survey, there are no previous computational or experimental attempt made in such a direction. In order to appreciate the coherence of the plot, the energy and volume of both the phases were normalized with respect to the total number of atoms present in the conventional cell. The plot makes it evident that in ambient condition the former phase is stable compared to the later.
B. Anomalous Phase Transitions and Bulk Moduli
Deformation induced strain energies stored in materials play a very pivotal role in governing its behavior and is the most prolific thermodynamic parameter enforcing structural phase transition. We theoretically estimated the effect of hydrostatic pressure on the variations of volumes of compositionally different members in both zircon and reidite phases. The probability of a transition is determined by the height of the energy barrier and by the ability of the system to overcome it. To obtaining the critical hydrostatic pressure required for zircon type to reidite type structural transition between we have used the formalism of enthalpy crossover of the compositionally identical members of the solid solutions. We have evaluated the ground state enthalpies of the structures to determine the required hydrostatic pressure for transition. However, the enthalpy equality is a necessary and sufficient condition for structural phase transition at T = 0K. At the transition pressure p=pt both structures are mechanically stable.
Our study reveals a peculiar relation of pt with the concentrations of the different heavy radionuclide e.g. U and Th (Figure-4) . As it is evident from values of pt presented in Table I and To the best of our knowledge the bulk moduli of the Th-end member and other interim members of zircon type phases are not reported elsewhere. Table I Consequently, a lower pressure is capable enough to trigger the solid state structural transition.
The values of compressibility of reidite type phases increase monotonically as expected from the bulk moduli data from Table I .
C. Measurement of Distortions of U/Th polyhedron i. Definition
Actinide centered eight-fold coordination polyhedron having the shape of snub-disphenoid can be found in different structure types, such as, Monoclinic-CuTh2(PO4)2 50 Hence, a competent analysis of the geometrical peculiarity of snub-disphenoids merits a discussion and is capable of providing new structural insights. In our study, we have encountered the perplexing geometry of polyhedra which are at the same time irregular and distorted in shape. In this section, we defined two physical parameters to quantify the distortion and have shown how these distortions can have a promising role to oversee the structural transition. 
It is needless to say that different set of 4 and 5 can also be found for ideal snub-disphenoids with different volume following the same way. The striking observation in this case is that the ratio of 4 to 5 remains a constant L (≈ 1.374302), irrespective of the volume of the ideal snub-disphenoid.
A similar ratio can be found for distorted U or Th snub-disphenoids as ℎ respectively.
So, a deviation of ℎ from L can be a measure of distortion of the polyhedra under study.
We define
as a measure of longitudinal distortions of U and Th-polyhedra respectively.
Switching our argument to angles, one can think of bond angles formed by any two adjacent vertices at X so that the edges of the polyhedra will be opposite to the bond angle. But since the vertices are of two kinds, the adjacent vertices may or may not be of the same kind. This contrast can give rise to three geometrically and numerically distinct angles of multiplicity 2, 4 and 12 In the following subsection we describe the unprecedented influence these distortions have on the anomalous phase transition pressures.
ii. Analysis: Connection to Phase Transitions
The previous discussion explains with reason how co-ordination geometry is responsible for the evolution of two types of U/Th-O bond lengths each with multiplicity 4. Whereas, the U-O4 bonds does not have any direct influence on the length of lattice parameter along c. This is the reason for the pattern of c/a alteration in zircon type phases. The length of the U/Th-O4 does not exhibit significant changes because they form the edge which is shared by both the U/Th and Si-polyhedra giving rise to a very strong connection between the U/Th or Si atom and O atom. In contrary, U/Th-O5 bond undergo notable changes because O5's are being shared between U/Th polyhedra and Si-tetrahedra as an atom only, causing the connections to be weaker compared to the U/Th-O4 bonds. (See Fig-1) . In reidite type phases no preferred orientation of bonds with respect to the axis of the unit cell is observed. Both the U/Th-O4/O5 bonds take part in volume increment followed by c/a increment with amount of Th content. In Fig. 8 we have provided a quantitative description of how and ℎ varies with applied hydrostatic stresses in the zircon phase. As it can be seen that both and ℎ decrease with increasing pressure. However, it is quite interesting to note that for USiO4 is the lowest in ambient condition and it increases as more and more Th is substituted in place of U suggesting that even the deformation behavior of U-polyhedra is in part controlled by the larger element Th.
In case of Th-polyhedra, ℎ is maximum for pure ThSiO4 and it decreases with lowering of Th content. So, in summary elemental Th has larger influence on the polyhedral distortion than elemental U. Our analysis shows that the slope of both and ℎ are found to decrease as the pressure increases. The lesser value of and ℎ at high pressures are suggestive of the fact that the pressure aids to lower the inherent distortion behavior and pushes it towards an ideal polyhedral structure. At the high pressure regime (beyond 10 GPa) the average of the slope for i.e. The pressure dependent variation of δ for both U and Th-polyhedra. The blue lines and symbols are for Uranium and the red lines and symbols are for Thorium. The x in legend stands for x = Th/(U+Th) like the previous cases. Hence, the square symbols characterize the pure U endmember USiO4 (red) and pure Th end-member ThSiO4 of U1-xThxSiO4 series. Table- II. Calculated bond lengths of U1-xThxSiO4 in both zircon and reidite phases with varying U and Th percentage. The bracket in the last columns succeeding the data are the multiplicity of that bond. Table- III: Distortions of bond lengths and bond angles of U and Th snub-disphenoids in compositionally different zircon type structures of U1-xThxSiO4 and in their corresponding reidite phase. The subscript in the name of the parameters in heading refers to actinide atomic species at the point X inside the snub-disphenoid as shown in Fig. 6 .
